Introduction
When challenged by microbial infections, Drosophila and other insects activate a defence response that has been separated into (a) a humoral response that involves a rapid and temporary synthesis of many potent anti-microbial peptides [1,2] and (b) a cellular response, in which blood cells (haemocytes) encapsulate or phagocytose the parasite [3, 4] .
The primary site of anti-microbial peptide induction is the insect fat body, an adipose tissue with a metabolic function similar to that of vertebrate liver. Anti-microbial peptide genes are regulated by inducible NFKB/Rel-family proteins through the KB-binding sites within their promoters [ 1,2]. Many mammalian acute-phase response genes also contain KB motifs, and are regulated by the transcription factor NFKB [5, 6] . Because of these and other similarities, the innate and non-adaptive humoral reaction of Drosophila is considered to be analogous to the mammalian acute-phase response [ 1,2,5,6].
In the cellular defence system of insects [4, 7] , the infecting microbial or fungal cells are encapsulated by one type of haemocyte: the lamellocyte. Lamellocytes are large and flat, and differentiate from the plasmatocyte. Plasmatocytes are small and spherical and are the predominant form of haemocytes in the wild-type larval haemolymph [8] . Lamellocytes differentiate in the early pupal stages, and are thought to play a role in tissue remodelling [8] . However, lamellocyte differentiation occurs precociously during larval stages, especially in the absence of immune challenge, in genetic strains that exhibit the melanotic tumour phenotype. In these strains, lamellocytes form multilayered capsules around aberrant tissue that is no longer recognized as self by the haemocytes [4,7,9-111. Encapsulated masses melanize to form melanotic tumours. The steps of the encapsulation process in many mutants appear to be similar to those observed during the defence response to foreign invaders [4, 10, 12] .
Many non-allelic melanotic tumour mutants of Drosophila have been identified [3, 13] . In these strains, melanotic masses are associated
~ ~~
Abbreviation used: RHR, Rel-homology region.
39
with different organs and their occurrence is not always accompanied by overgrowth. Of these the tu-W and the tu-SZ'" are the best characterized because of their high penetrance and expressivity [4,9-121. Unlike the tu mutants, many Drosophila strains that exhibit overgrowth of different tissues also show melanotic tumours [14] [15] [16] . Mutation in the aberrant immune response8 gene, or a i d , causes overgrowth of the larval lymph gland [15] ; air8 encodes the Drosophila homologue of the ribosomal S6 protein [17] . Another mutation with a similar phenotype is tum-1, which is a gain-of-function allele of hopscotch, a larval lethal gene [18] ; hopscotch encodes a JAK family non-receptor tyrosine kinase [ 191.
Mutations in two other genes, toll and cactus (cact), also lead to melanotic tumour formation in larvae and adults [20, 21] . Toll and Cactus are important components of the maternal signaltransduction pathway that specifies cell fates along the dorsal-ventral axis of the Drosophila embryo [22] . toll encodes a transmembrane receptor that functions on the plasma membrane of the early embryo "231. The Toll receptor mediates a signal from the extracellular perivitelline fluid into the cytoplasm on the ventral and lateral sides of the embryo [22, 23] . cactus encodes an IKB protein that forms a cytoplasmic complex with the Re1 protein Dorsal [24-261. The Toll-mediated signal is transduced by cytoplasmic functions of Tube and the protein kinase Pelle [22] . The signal leads to the proteolysis of Cactus [27] and a ventral-to-dorsal gradient of nuclear localization of Dorsal (dl) becomes established . Different concentrations of nuclear Dorsal in turn control the asymmetric expression of target zygotic genes whose activities specify regional fates along the dorsalventral axis [22, 29] .
Loss-of-function mutations in toll and cactus have reciprocal phenotypes: loss-of-function in cactus and gain-of-function in toll lead to a ventralized embryonic phenotype . In these embryos, most of the Dorsal protein becomes nuclear [29, 30] . This reciprocal correlation is also observed zygotically, where the same alleles cause melanotic tumours and induce the nuclear import of Dorsal in the fat body even in the absence of immune challenge [31] . Cyto-plasmic Dorsal in the fat body also becomes nuclear if larvae are immune challenged, and this import is dependent on the wild-type functions of Toll, Tube and Pelle proteins [31] . T h e Dorsal-related immunity factor (Dif), another NFKB/Rel protein expressed in the larval fat body, shows a similar nuclear translocation on injury or infection [32] . Because both Dorsal and Dif bind to KB sites within promoters of antibacterial genes in vitro, it is believed that these Re1 proteins mediate upregulation of humoral immunity genes [31, 32] . A genetic proof for this function is awaited.
As stated previously, Dorsal and Dif belong to the Re1 family of transcription factors [6, 32, 33] . T h e vertebrate members of this family include the mammalian NFKB subunits p50 [34] , p65/RelA 1351, RelB [36] and the avian protooncoprotein c-Re1 [37] . Re1 proteins have a roughly 300-amino-acid-long conserved Relhomology region (RHR), which mediates DNA binding, dimerization and cytoplasmic retention. Cytoplasmic retention occurs because of binding with the IKB proteins. This retention is relieved in response to extracellular signals, and Re1 proteins undergo nuclear import, where they control transcription. Targeted disruption experiments in mice with RelB and p50 have shown that these mammalian Re1 proteins play a decisive role in many specific and non-specific immune functions [38, 39] .
My colleagues and I are studying the function of Re1 signalling components during the cellular immune responselmelanotic tumour formation in Drosophila. In the next section, I consider evidence that functionally implicates signalling molecules of a zygotic Re1 pathway in an undefined process, which when misregulated results in the melanotic tumour phenotype through larval and adult stages.
Expression of p50 and Dorsal causes lethality and the formation of melanotic tumours
In the course of structure-function studies of the Dorsal RHR, aimed at defining the regions essential for its selective nuclear import (S. Govind, E. Drier, L. Huang and R. Steward, unpublished work), we had expressed the RHRs of the vertebrate Re1 proteins p50 [34] , p65 [35] and c-Re1 [37] as Lac2 fusions. The RHRs of vertebrate proteins share 50% amino acid identity with the Dorsal RHR. Given this structural similarity, we wanted to determine whether the vertebrate RHRs are functionally regulated like the Dorsal RHR in their subcellular localization, and, when expressed in the embryo, show higher levels of nuclear protein ventrally than dorsally. The assumption was that if the vertebrate RHRs are not regulated by the Toll-mediated signal or Cactus, they will exhibit uniform nuclear staining.
The constitutively active, moderately strong hsp83 promoter of Drosophila [41] was used to drive the expression of the RHR-Lac2 fusion proteins. The conserved RHRs of the murine p50 ( Figure la) and p65, chicken c-Rel, and Drosophila Dorsal proteins were tested in these constructs. T h e Lac2 moiety was added to stabilize the RHRs in vivo. P-element transformation was used to obtain transgenic flies, and many lines were obtained for each of the three constructs Unlike the Dorsal RHR-Lac2 construct, which undergoes a graded nuclear localization (S. Govind Maternal expression of any of these three fusion proteins did not have dominant effects; however, zygotic expression of p50-Lac2 (Figure la) resulted in lethality. As noted in Table 1 , transgenic line 6 showed the strongest phenotype, and in the presence of two copies of the insert, adult viability was completely compromised. With two copies of the p50-lac2 insert, transgenic lines 64 and 79 had limited effects on viability at 25 "C. Stronger effects were observed at 29 "C. In a majority of animals, death occurred at the late larval or pupal stage. The lethal phenotype was accompanied by the formation of melanotic tumours, some of which were associated with the trachea and salivary glands (Figures lc and Id) . In these animals, the relative sizes of the imaginal discs, brain lobes, salivary glands and other organs seemed normal. T h e expression of p65-lac2 or c-rel-lac2 did not cause melanotic tumour formation.
T o characterize the phenotype of the p50-lac2-expressing larvae, and compare it with other mutant melanotic strains, haemolymph [41] This is not a locZ fusion of Dorsal (fl Melanization of salivary gland cells (large arrow) is typical of these transformants No encapsulation seems to be associated Notice the fat body (small arrow) in close proximity to these melanized cells (9) Mature melanotic mass of lamellocytes derived from an hsp83 line 38 animal Lamellocytes are visible at the periphery (arrow) (h) Melanotic tumour of the cac?2/cocrAL larva (I) A mass of adhering lamellocytes obtained on dissedion of cactA'/cactA' animals Some of these lamellocytes are beginning to melanize At this stage the identity of the aberrant tissue is not discernible by simple morphological criteria
Lethality caused by p50-lacZ expression
Two sets of crosses were done at 25 and 29 "C In the first cross, heterozygous transgenic virgins were crossed with wild-type males [(SO% of the progeny has one copy of the insert (columns 2 5)] In another experiment, homozygous parents (except line 6) were used all progeny carry two copies of the inert (columns 6-9) Untransformed flies ( w h ) were used as a negative control The larvae that emerged from 300 fertilized embryos were counted and are shown as H One hundred first-instar larvae were transferred into vials in triplicates, and adults that eclosed were counted This is shown as E Because of the absence of a larval marker, it was not possible to distinguish heterozygous larvae from their wild type siblings in the first set of the cross (columns 2 and 3) Therefore in these columns, H refers t o the total number of transformed and untransformed larvae that hatched In contrast, heterozygous adults could be distinguished from untrans formed siblings because of the w' marker in the insert The number of heterozygous (parentheses) and total adults that eclosed at 25 and 29 "C are shown in columns 4 and 5 Transgenic flies died mostly during late larval/pupal stages Clear and strong effects were observed with two copies of the insert at 29 "C Transgenic line 6 showed the strongest lethal phenotype, followed by lines 79 and 64 both the cytoplasm and nuclei of plasmatocytes (Figures 2d and 2 ) . Higher levels of p50-Lac2
were observed in the nuclei of fat body cells (Figure 2 ) .
A similar, but non-identical, phenotype was observed when high zygotic expression of Dorsal was achieved via the hsp83-dorsal complementary DNA construct described in detail previously [41] . This Dorsal protein is not a fusion with Lac2 and contains the complete wild-type sequence. Many lines expressing this construct were obtained, and some of these expressed Dorsal protein at levels that rescued the maternal dl-female sterility and embryonic phenotype. Of these, only one transgenic strain (line 38) expressed sufficiently high levels of Dorsal to saturate all maternal cytoplasmic Cactus. In this line, excess Dorsal protein was nuclear and altered embryonic cell fates [41] .
Like the p50-lac2 line 6, this hsp83-dorsal line 38 was homozygous lethal, which prompted us to observe its development at later stages. How does a general over-expression of either p50-LacZ or Dorsal lead to a specific melanotic tumour phenotype? One possibility is that Re1 proteins derived from the transgenes directly misregulate the target genes of the endogenous Re1 pathway with a specific physiological function. Alternatively, these proteins could somehow modify the normal functions of endogenous Re1 protein, by interacting with it or titrating its IKB inhibitor. T h e non-identical phenotypes caused by expression of these two proteins (melanization of individual salivary gland cells is more frequently observed in hsp83-dorsal line 38 than in p50-lac2 line 6; associations of melanized masses with tracheae are more evident in line 6 of p50-lacZ than in line 38 of dorsal) suggest that they may influence the endogenous Re1 pathway(s) somewhat differently.
T h e observations with p50 and Dorsal proteins were unexpected and were made in the course of experiments with other goals. Even though the molecular basis of the zygotic effects Volume 24 of p50 and Dorsal expression in the formation of melanotic tumours is not understood, these results become significant in the light of similar phenotypes observed in cactus and toll mutants, and implicate a zygotic Re1 pathway in the regulation of an important physiological recognition or developmental process.
The melanotic tumour phenotype in c a c p and cac?dl' double mutants
As a result of several mutagenesis experiments, more than 40 cact alleles have been isolated [22] . These fall into two broad categories: those that are homozygous viable and others that are homozygous lethal. The viable homozygous cactus females are sterile and produce ventralized embryos ranging from the weakest to the stronger phenotypes. We have begun to study cact alleles and allele combinations to ascertain whether there is a correlation between the early and late functions of Cactus or whether the melanotic tumour phenotype of cactus is allele specific.
An example of the melanotic tumour phenotype of the semi-lethal c a c p allele is shown in Figure l (h). Like other melanotic tumour strains, premature lamellocyte differentiation is observed in these animals, and as the tumour becomes larger, aggregates of lamellocytes become clearly visible (Figure li) . Cells of the fat body seem to be targeted in this strain; however, the identities of the cells that are encapsulated and melanized seem to be lost soon after the lamellocytic mass is formed. Rounding of fat body cells and premature differentiation of haemocytes has been reported previously in tollD animals with melanotic tumours [31] .
Because over-expression of Dorsal phenocopied not only the maternal Cactus function, but also zygotic Cactus function, it is important to ask whether there is a zygotic role for Dorsal in the melanotic tumours of cactA2.dl' is a protein null allele, whereas c a t A 2 encodes mutant protein. Double-mutant cacf'dl' animals show clear tumours at about the same frequency as homozygous cact"2 animals (S. Govind, unpublished work), suggesting that Dorsal is not essential for this process. In a similar experiment, Dorsal was found to be dispensable for the melanotic tumour phenotype of toll" [31] . These genetic studies argue that Dorsal is most probably not the Re1 protein that Cactus regulates zygotically. It would be interesting to examine whether Dif is a target of this pathway.
Summary and future directions
The foregoing data strongly argue that a zygotic pathway in Drosophila involving the regulated functions of the Toll receptor, Cactus and its Re1 partner, play a significant role in an undefined physiological process. When this pathway is misregulated, a cellular immune-like response is activated in the absence of injury or infection. It is not known whether these zygotic functions of Cactus and Toll are mechanistically independent of the Dif/NFKB pathway that regulates the humoral immune genes [31, 32] , or whether these cellular and humoral processes share signalling components.
Many questions relating to the cellular and molecular aspects of melanotic tumour formation remain. What are the earliest pre-tumourous changes that are discernible in these mutants? What morphological steps lead to melanotic tumour formation? What organs are affected? Is the melanotic-tumour phenotype of cactus allele specific? What is the identity of the Re1 protein that is regulated by Cactus? What is the identity of the signalling molecules that regulate this pathway? What downstream genes are regulated by this Re1 pathway? What are the physiological functions of their gene products? How do these molecules function? A clearer understanding of the melanotic tumour phenotype is bound to emerge from a thorough examination of these basic questions.
